Abstract
Introduction

44
The convective boundary layer is the region where turbulence is fully developed.
45
The height of the interface where turbulence is discontinuous is usually referred to as 46 the mixing layer height (MLH) (Stull, 1988) . The mixing layer is regarded as the link 47 between the near-surface and free atmosphere, and the MLH is one of the major 48 factors affecting the atmospheric dissipation ability, which determines both the 49 volume into which ground-emitted pollutants can disperse, as well as the convective 50 time scales within the mixing layer (Seidel et al., 2010) . In addition, continuous MLH 51 observations will be of great importance for the improvement of boundary layer 52 parameterization schemes and for the promotion of meteorological model accuracy.
53
Conventionally, the MLH is usually estimated from radiosonde profiles (Seidel et 
111
To overcome previous studies' deficiencies, our study first conducted a 22-month and Tianjin (TJ)) and one coastal site (Qinhuangdao (QHD)). First, we will describe 115 the spatial and temporal distribution of MLH on the NCP. Subsequently, reasons for 116 spatial difference of MLH on the NCP will be explained in the discussion section.
117
Finally, the meteorological evidence of serious air pollution in southern Hebei will be 118 studied.
119
Data and methods
120
Sites
121
To study the MLH characteristics on the NCP, observations with ceilometers were 122 conducted at the BJ, SJZ, TJ and QHD stations from 16 October 2013 to 15 July 2015
123
( Fig. 1 and Table S1 ). The SJZ, TJ and QHD sites were set around Beijing in the 
141
The size and color of the circular mark are representative of the annual mean 142 near-ground PM 2.5 concentration; the larger and darker the circle is, the greater the 143 concentration is. 
Measurement of MLH
145
The instrument used to measure the MLH at the four stations was an enhanced ceilometers were used at the SJZ, TJ and QHD stations. Some of the properties of 160 these two instruments are listed in Table 1 , and basic technical descriptions can be 161 found in Münkel et al. (2007) and Tang et al. (2015) .
162
To ensure the consistency of the MLH measurements with the two different 163 ceilometer versions, before we set up the ceilometer observation network in the NCP, 164 we made a comparison of the MLHs observed by CL31 and CL51 at BJ from October 165 1 to October 8, 2013 (Fig. S1 ). The MLH observed by CL31 was highly relevant to 166 those observed by the CL51 ceilometers, with correlation coefficients (R) of 0.86-0.92.
167
Therefore, the impact of version discrepancy on the MLH measurement can be 168 neglected.
169
Since the ceilometers can reflect rainy conditions and the precipitation will 170 influence the MLH retrieval, the precipitation data were excluded. In addition, a 171 previous study has compared MLH measurements retrieved from ceilometers and 172 sounding data (Tang et al., 2016 Table S1 and Fig. 1 .
202
The aerosol optical depth (AOD) data within the NCP region were retrieved with 
Atmospheric stability criterion
209
The Gradient Richardson number (Ri) is usually used to estimate the atmospheric 210 turbulent stability within the mixing layer and is defined as follows (Eq. 1):
Where Δz is the height increment over which a specific calculation of Ri is being 213 made; g is the acceleration of gravity; θ � is the mean virtual potential temperature 214 within that height increment; and Δu � and Δv � are the mean wind speeds in zonal and 215 meridional directions within the height increment.
216
Using Ri to diagnose turbulence is a classical approach and has been covered in 217 many textbooks on boundary-layer turbulence (Stull, 1988; Garratt, 1994) . It can be 218 interpreted as the ratio of the buoyancy term (
) in the turbulent kinetic equation. When the Ri>1, the turbulence was 220 suppressed and the mixing layer development will be restrained (Stull, 1988) . In our 221 study, the frequency of Ri>1 was used to represent the atmospheric stability in the 222 NCP. The larger the frequency is, the more stable turbulent stratification is. radiation (Stull, 1988) . southwest wind at the QHD station were regarded as sea breezes (Fig. 5 ).
343
The sea breeze usually brings a cold and stable air mass from the sea to the coastal not form, and the TIBL impact will be impaired with distance inland (Stull, 1988) .
357
Accompanied by the weak synoptic system and the frequent occurrence of sea breezes with a distance of approximately 50 km out to sea, the TIBL will not extend so far.
361
Therefore, although the TJ station can be affected by the sea breeze, the local MLH 
Reasons for low MLH in southern Hebei
367
Turbulent stability was mainly responsible for the MLH development, and the 0-1200 m, leading to a much more stable stratification in southern Hebei (Fig. 6h) .
395
The shear term, buoyancy term and the frequency of Ri>1 in spring and autumn southern Hebei and the northern NCP (Figs. 6b, 6c and 6d ).
401
As a result, the lower MLH in southern Hebei was due to a more stable atmospheric resulting from the cold air system will enhance the wind shear over the northern NCP.
406
In addition, a previous study has revealed that the warm advection from the Loess
407
Plateau usually developed from southwest to northeast, and the higher buoyancy term
408
( Fig. 6g ) and lower MLH in southern Hebei will be partially related to the enhanced (Fig. 7) . If the difference in AOD represents the emission discrepancy, the 57.0 and 68.6 %, respectively, and the RH at SJZ was 22.1 and 13.2 % higher than 473 that at the BJ and TJ sites, respectively (Table S3) . Since RH is a key factor for haze 474 development, higher RH is beneficial to fine particle growth through hygroscopic and QHD stations, respectively (Table S3) . As a result, the particle dissipation November 2014) were utilized for further study. Conclusions were drawn as follows.
537
The ceilometers can not only retrieve the inland MLH but also retrieve the coastal implemented in the remaining industrial enterprises to improve air quality.
559
Overall, the present study is the first to conduct a long-term observation of the
560
MLH with high spatial and temporal resolution on a regional scale. The observation 561 results will be of great importance for model parameterization scheme promotion and 562 provide basic information for the distribution of weather conditions in the NCP region.
563
The deficiency of this study is that we did not account for the transport effect on 
573
This will be of great importance for achieving the integrated development goals. 
